The existence of bidirectional signaling between astrocytes and neurons has revealed an important active role of astrocytes in the physiology of the nervous system. As a consequence, there is a new concept of the synaptic physiology-"the tripartite synapse", where astrocytes exchange information with the pre-and postsynaptic elements and participate as dynamic regulatory elements in neurotransmission. The control of the Ca 2+ excitability in astrocytes is a key element in this loop of information exchange. The ability of astrocytes to respond to neuronal activity and discriminate between the activity of different synapses, the modulation of the astrocytic cellular excitability by the synaptic activity, and the expression of cellular intrinsic properties indicate that astrocytes are endowed with cellular computational characteristics that process synaptic information. Therefore, we propose that astrocytes can be considered as cellular elements involved in the information processing by the nervous system.
Introduction
Since the initial studies of the nervous system, neurons were recognized as the cellular elements responsible for the information processing of the nervous system, while glial cells were considered to play a simple supportive role for neurons. The fundamental attribute of neurons is their cellular electrical excitability, which is based on the expression of a plethora of ligand-and voltage-gated membrane channels that give rise to prominent membrane currents and membrane potential variations that represent the biophysical substrate underlying the transfer and integration of information at the cellular level. In contrast, glial cells are non-electrically excitable because, being able to express most of the membrane channels expressed by neurons, the level of expression of some key channels is relatively low to grant active electrical behaviors in response to different stimuli. Nevertheless, glial cells display a form of excitability that is based on variations of the Ca 2+ concentration in the cytosol rather than electrical changes in the membrane. This excitability may serve as a cellular information element, which suggest the ability of glia to play more active roles in the nervous system previously thought.
Glial cells in the central nervous system (CNS) have been classified in two major cell groups, macroglia and microglia. Microglia are phagocytic cells involved in inflammatory responses. Macroglia are composed of oligodendrocytes, astrocytes, and ependymoglial cells (a specialized glia that line the ventricles). Oligodendrocytes-and their equivalent in the peripheral nervous system (PNS), Schwann cells-form the myelin ensheaths that enwrap axons. Astrocytes may display different morphologies and phenotypes, such as Müller cells in the retina, Bergmann glia in the cerebellum, protoplasmic astrocytes in the gray matter, fibrous astrocytes in the white matter tracts, perivascular astrocytes that form extensive endfoot that contact with blood vessels, etc. (for a comprehensive description of glial cells, see [1] ). Among the different types of glial cells, astrocytes have received special attention, probably because their intimate spatial relationship with neurons and synapses in the CNS. Although the importance of other glial cells on nervous system function must not be diminished, present review will focus on recent findings regard-ing the characteristics of the intracellular Ca 2+ signaling in astrocytes.
In addition to the well-known functions of astrocytes in different physiological processes of the nervous system, such as differentiation, proliferation and trophic support and survival of neurons, new findings have recently proposed the existence of bidirectional communication between astrocytes and neurons, where the astrocyte Ca 2+ signal plays a crucial role (for reviews see [2] [3] [4] [5] ). We will center our discussion on the synaptic control and the consequences on neuronal physiology of the astrocyte Ca 2+ signal, which serving as a key element in this new form of intercellular communication in the nervous system indicates that astrocytes actively participate in brain physiology.
Intracellular Ca 2+ variations represent the biophysical substrate of the cellular excitability in astrocytes
Unlike neurons, glial cells are non-electrically excitable, and consequently they were classically considered not to be involved as active elements in the information processing of the nervous system-a function that remained exclusively attributed to neurons. The development and application of imaging techniques that allowed the monitoring of the intracellular Ca 2+ was decisive to revive the interest for glial cells, and to establish new investigation pathways in the physiology of astrocytes and their potential interaction with neurons. The original demonstration that astrocytes display a form of excitability based on changes in intracellular Ca 2+ concentration [6] constituted a challenging observation that prompted a re-examination of the actual role of astrocytes in the brain function.
Cytoplasmic Ca 2+ serves as an intracellular signal that is responsible for controlling a plethora of cellular processes. In the nervous system, it is well known the role of intracellular Ca 2+ in numerous physiological processes in neurons, e.g., controlling neuronal excitability, neurotransmitter release or synaptic plasticity. In addition, astrocytes show intracellular Ca 2+ variations that can be observed either spontaneously or in response to different neurotransmitters and that may serve as an intracellular and intercellular signal with relevant functional consequences in the nervous system. The cellular Ca 2+ signal is manifested as elevations of cytosolic Ca 2+ and relies on the existence of a relatively low concentration of free Ca 2+ inside the cells. While electrically excitable cells may use the electrochemical gradient across the plasma membrane to effectively increase the intracellular Ca 2+ levels due to the high expression of specific ligand-and voltage-gated ionic channels that allow the rapid and massive influx of Ca 2+ ions, non-electrically excitable cells use the Ca 2+ stored in the endoplasmic reticulum as the main source for cytoplasmic Ca 2+ signal. Ca 2+ mobilization from the internal stores mainly depends on activation of two types of receptors: ryanodine receptors, sensitive to Ca 2+ , ryanodine and caffeine; and inositol 1,4,5,-triphosphate (IP 3 ) receptors, that are sensitive to IP 3 produced by activation of phospholipase C (PLC) (a comprehensive description of these intracellular signaling pathways are reviewed elsewhere in this special issue).
The astrocyte Ca 2+ signal can be manifested as Ca 2+ elevations with different temporal patterns (Fig. 1) . In some cases, astrocytes display a single relatively fast transient Ca 2+ elevation (i.e., spike) that eventually can be followed by a more sustained response (i.e., plateau). In other cases, astrocytes exhibit irregular Ca 2+ oscillations that can be modulated in amplitude, duration and frequency by different stimuli including the synaptic activity level [7] [8] [9] [10] [11] . The astrocyte Ca 2+ elevation may act as intra and intercellular signal that can propagate within and between astrocytes, signaling to different regions of the cell and to different cells. Moreover, this cellular excitability may be present spontaneously, or can be elicited and modulated by the synaptic activity [7, 9, 10, [12] [13] [14] [15] [16] [17] [18] [19] .
Astrocytes display endogenous Ca 2+ excitability: spontaneous Ca 2+ oscillations
Astrocytes display an endogenous excitability manifested as spontaneous intracellular Ca 2+ oscillations that occur in the absence of neuronal activity (Fig. 1D) . These spontaneous Ca 2+ oscillations have been observed in situ in astrocytes from different brain areas, such as ventrobasal thalamus [12, 18] , hippocampus [12, 17] , cerebellum [12, 20] , and neocortex [12, 21] . They are developmentally regulated and depend on the Ca 2+ release from the IP 3 -sensitive intracellular Ca 2+ stores [12, 17, 18] . Although the functional significance of these spontaneous Ca 2+ oscillations remains to be fully explored, some evidences support the appealing idea that they may serve to the proper development and maturation of the neural network [18] . Indeed, Ca 2+ oscillations in thalamic astrocytes correlate with the presence of NMDA receptor-mediated currents in thalamic neurons [18] , which is consistent with Ca 2+ -dependent glutamate release from astrocytes (see below). Hence, it has been proposed that astrocytes could serve as an autonomous source of glutamate for generation and modulation of neuronal activity [18] .
Intercellular Ca 2+ waves: astrocyte-to-astrocyte communication
Pioneering studies performed in cultured astrocytes demonstrated that Ca 2+ elevations originated in one astrocyte can propagate non-decrementally to neighboring astrocytes, forming a Ca 2+ wave that can extend for several hundreds micrometers [6, 8, 22] (Fig. 1A) . Therefore, Ca 2+ elevations that form Ca 2+ waves may serve as a form of long-range intercellular communication between astrocytes. The mechanisms underlying the propagation of the Ca 2+ waves have been extensively investigated and the proposed hypothesis have been largely debated and revised. Three different models are currently proposed (for a thorough description see [23] ): (1) IP 3 diffusion through gap junction channels; IP 3 produced in the stimulated cell would diffuse through gap junctions to interconnected neighboring astrocytes. (2) Regenerative ATP; ATP released either through connexin hemichannels or Ca 2+ -dependent exocytosis would act as extracellular messenger activating purinergic receptors in neighboring cells and initiating a cascade that would involve PLC activation, IP 3 production and Ca 2+ elevations, which would result in subsequent ATP release that regeneratively would propagate the wave. (3) Point source ATP release; the activation of purinergic receptors in neighboring cells by the extracellular diffusion of ATP released exclusively from the stimulated cell would be responsible for the wave. It is noteworthy that these mechanisms are not necessarily mutually exclusive; rather it is feasible that they might coexist in different brain areas or under different conditions. While Ca 2+ waves have been clearly demonstrated and thoroughly characterized in cell culture preparations (e.g., [6, 8, [24] [25] [26] ), in the vertebrate retina [22] , and in organotypic brain slices [27] , their existence in more intact preparations, such as acute brain slices, has been scarcely studied and is still controversial. Intercellular Ca 2+ waves have been observed in corpus callosum glial cells [28] , and in rat cortical slices [21] where they have been associated with the cortical spreading depression, a pathological phenomenon evoked in ischemia and brain trauma that is characterized by a slowly propagating wave of neuronal depolarization in the mammalian brain [29] . Temporal correlation between astrocyte Ca 2+ oscillations has also been reported in hippocampal and cortical slices [12] , although such correlation may not be necessarily due to the existence of Ca 2+ waves, but to the synchronization induced by the neuronal activity. The latter interpretation is supported by studies that reported the absence of Ca 2+ waves between adjacent astrocytes in hippocampal [17, 30] and neocortical slices [18] , where spontaneous Ca 2+ oscillations seems to be independent of the neuronal activity, which suggest that at least this oscillatory activity does not propagate between neocortical astrocytes. Recently, Sul et al. [31] showed in hippocampal slices that Ca 2+ elevations in single astrocytes evoked may spread to some, but not all, neighboring cells, and that the number of responding astrocytes may be regulated by the simultaneous exogenous application of different transmitters, suggesting the existence of plastic functional circuits between astrocytes [31].
Astrocyte Ca 2+ signal is evoked by synaptic activity: neuron-to-astrocyte communication
Astrocytes express both in vitro and in situ a wide variety of functional receptors for many neurotransmitters (including glutamate, adenosine, norepinephrine, GABA, histamine, ATP, acetylcholine, etc.) (e.g., [1, 19] ). Most of the receptors expressed by astrocytes are metabotropic receptors associated with G proteins that upon activation stimulate phospholipase C and the formation of IP 3 , which increases the intracellular Ca 2+ concentration through the Ca 2+ release from the IP 3 -sensitive Ca 2+ stores [7, 9, [13] [14] [15] 19] . While these receptors can be experimentally activated by exogenous application of agonists, the demonstration that they also can be activated by neurotransmitters released from presynaptic terminals eliciting Ca 2+ elevations in astrocytes is extremely relevant because it implies the existence of neuronto-astrocyte communication, which represents a new form of intercellular signaling between neurons and astrocytes in the CNS [7, 9, 10, 14] .
The synaptic control of the glial Ca 2+ signal has been demonstrated in representative brain areas, such as the retina [32] , cerebellum [16, 20] , hippocampus [7, 9, 10, 13, 19] , and cortex [21] (Fig. 1B and C) . However, further studies are required to elucidate the existence and properties of this phenomenon in other brain areas. Likewise, while the responsiveness of astrocytes to some neurotransmitters released by synaptic terminals, such as glutamate, GABA, acetylcholine, noradrenaline or nitric oxide, is well documented [7, 9, 10, [13] [14] [15] [16] 19, 20] , the possible control of astrocyte Ca 2+ by synapses that use other neurotransmitter systems remains to be fully investigated.
Although the synaptic-evoked Ca 2+ signaling has been more intensively studied in astrocytes, other glial cell types may also respond with Ca 2+ elevations to different stimuli, which may have strong impacts in the function of the nervous system. Involvement of Ca 2+ signaling has been shown for instance in oligodendrocytes and oligodendrocytes precursor cells that regulate myelin formation [33] , in microglial cells that are involved in response to injury [28, 34] , or in perysynaptic Schwann cells-a type of glial cells-that respond to and regulate the neurotransmitter release from the motor endplates in the PNS [35] .
Intracellular Ca 2+ waves in astrocytes
An elegant study of Kettenmann's group [20] that combined ultrastructural analysis, three-dimensional reconstruction and physiological studies showed that the cellular processes of the Bergmann glial cells-a specialized type of astrocytes in the cerebellum-are composed by numerous morphological and functional subcellular compartments called microdomains. These microdomains have a complex surface that wraps synapses between parallel fiber axon terminals and Purkinje neuron spines and may respond independently with Ca 2+ elevations to the stimulation of parallel fibers [16, 20] . The compartmentalization of the Ca 2+ signal has also been observed in Bergmann glia after stimulation of molecular or granular layers [15] , and in hippocampal astrocytes following Schaffer collaterals or alveus stimulation [7, 9, 10] . Furthermore, spontaneous Ca 2+ oscillations in astrocytes have been shown to initiate within discrete regions of astrocyte processes [17, 18, 36] . Whether Ca 2+ elevations occur spontaneously or after synaptic activity, they are initiated in restricted areas of the astrocyte processes, and can remain in these regions or propagate along the process to other areas of the cell generating an intracellular Ca 2+ wave. Therefore, the astrocyte Ca 2+ signal can be spatially localized and compartmentalized in restricted regions of the cell-the subcellular microdomains-, that constitute the elementary units of the Ca 2+ elevations [7, 9, 20] . Interestingly, the intracellular extension of the astrocyte Ca 2+ signal depends on the synaptic activity level. Indeed, while the synaptic-evoked Ca 2+ signal remains spatially confined at low frequency of synaptic stimulation, it propagates throughout the cell when evoked by relatively high levels of synaptic activity [9, 20] . The cellular mechanisms that control the intracellular expansion of the Ca 2+ signal, i.e., determining whether the astrocyte Ca 2+ signal remains locally restricted or whether it extends throughout the process or to adjacent processes may be of great functional significance because they would control the extent of the astrocyte-to-neuron communication (see below).
Modulation of the Ca 2+ signal: astrocytes process synaptic information
While the neuron-to-astrocyte communication is firmly established by the demonstration of the synaptic control of the astrocyte Ca 2+ signal, one relevant question is whether this communication presents properties of complex information processing that are classically considered to be exclusive of neuron-to-neuron communication. In other words, do astro-cyte Ca 2+ signal simply reflects the synaptic activity level? Or, in contrast, can astrocytes integrate synaptic information, responding with a complex non-linear behavior to the incoming information from adjacent synapses? Following paragraphs will discuss recent data that indicate that astrocytes are indeed endowed with cellular intrinsic properties that allow the processing of the synaptic information [10] .
A pioneering study of Carmignoto's group [9] showed that hippocampal astrocytes increased the Ca 2+ oscillation frequency after successive episodes of SC synaptic activity. These results suggested that the potentiation of astrocyte Ca 2+ response could represent a form of cellular memory and demonstrated the ability of astrocytes to respond in a plastic form to synaptic activity [9] .
As discussed above, astrocyte Ca 2+ elevations can be elicited by different neurotransmitters, but can astrocytes integrate the information of different synaptic inputs that use different neurotransmitters? We have recently addressed this issue by analyzing the responses of hippocampal astrocytes to the activity of different synaptic terminals that release acetylcholine (ACh) and glutamate (glu) as neurotransmitters. We have shown that hippocampal astrocytes respond to alveus synaptic activity (that contains glutamatergic and cholinergic axons coming from septum and diagonal band of Broca), with Ca 2+ elevations exclusively mediated by ACh but not by glu, in spite of the fact that these astrocytes express functional glutamate receptors in their plasma membrane and that they sense the synaptically released glu as assessed by the recorded activation of glutamate transporters [7] . However, those astrocytes responded to glu when it is released by a different glutamatergic input, i.e., the SC synaptic terminals [10] . Two main conclusions can be drawn from these results. First, astrocytes selectively respond to different synapses that use different neurotransmitters, i.e., glu and ACh. Second, astrocytes can discriminate between the activity of different pathways that use the same neurotransmitter, i.e., glutamatergic axons of the SC and alveus [10] .
To further investigate if astrocytes can integrate information from different synaptic inputs, we studied the astrocytic responses to the simultaneous activity of those synaptic pathways, i.e., SC and alveus. We reasoned that the integration of synaptic inputs would be manifested as a non-linear modulation of the synaptically evoked Ca 2+ signal. We found that the simultaneous stimulation of both pathways evoked astrocytic responses that were inconsistent with the fact that astrocytes responded passively to synaptic stimulation. Indeed, the Ca 2+ elevation evoked by simultaneous stimulation of both pathways was significantly different than the linear summation of the Ca 2+ signals evoked by the independent stimulation (Fig. 1E) . Therefore, the astrocyte Ca 2+ signal was modulated by the simultaneous activity of cholinergic and glutamatergic synapses. Moreover, this Ca 2+ signal regulation was bidirectionally dependent on the synaptic activity level, being potentiated or depressed at relative low and high synaptic activity frequencies, respectively. A similar Ca 2+ signal modulation was observed in the absence of synaptic activity by exogenous application of transmitters, glu and ACh. Taken together, these results indicate that astrocytes integrate the information of incoming inputs and that this integration depends on the existence of cellular intrinsic properties of astrocytes [10] .
The astrocyte processes are constituted by hundreds of microdomains that represent the elementary units of the astrocyte Ca 2+ signal, from where it can eventually propagate to other regions of the cell [7, 9, 20] . Our results also show that the Ca 2+ signal modulation occur at discrete regions of the astrocytic processes [10] , suggesting that information processing of different inputs takes place at subcellular microdomains.
According to the most basic model of a neuron, the soma and dendrites correspond to the input region where the synaptic information is received and processed, while the output region resides in the axon that conveys the information to the presynaptic terminals. Each of these neuronal compartments has specific intrinsic membrane properties to receive, integrate, and transfer information. In contrast, astrocytes have a cell body and numerous thin processes-some of them intimately associated with synapses-, but do not show an evident polarity responsible for a determined direction of the information. Whether the information flows in astrocytes according to an unknown dynamic polarization law, as Cajal proposed for neurons [37] , is still unknown. Moreover, whether the reciprocal information transfers between neurons and astrocytes, i.e., the information input, processing and output, occur in the same or different astrocytic cellular regions also remains unknown. Nevertheless, we have shown that the simultaneous activity of cholinergic and glutamatergic synapses not only modulated the amplitude of the astrocyte Ca 2+ signal in astrocytic processes but also controlled its intracellular propagation throughout the cell [10] . Considering that a single astrocyte can wrap ∼140,000 synapses, and their processes are intimately associated with synapses, the synaptic control of the intracellular Ca 2+ signal propagation may have relevant consequences on brain function by regulating the spatial range of astrocyte influence on synaptic terminals.
In summary, the ability of astrocytes to discriminate between the activity of different synapses belonging to different axon pathways, the bidirectional modulation of the astrocytic cellular excitability by the synaptic activity, and the expression of cellular intrinsic properties indicate that astrocytes are endowed with cellular computational characteristics that process synaptic information.
Consequences of the astrocyte Ca 2+ signal on neuronal physiology: astrocyte-to-neuron communication
One of the most exciting topics on current neurobiology is the functional consequence of the astrocyte Ca 2+ signal on neuronal physiology. In addition to respond to synapti-cally released neurotransmitters, it is well established that astrocytes may release different gliotransmitters such as glutamate, d-serine, TNF␣, or ATP. Some of these transmitters have been shown to be released in a Ca 2+ -dependent manner (for a review see [38] ), and to constitute feedback signals from astrocytes that modulate neuronal excitability, synaptic transmission [5, 24, 25, [39] [40] [41] [42] [43] , and cerebrovascular microcirculation [44, 45] . The detailed description of the modulatory effects of the astrocyte Ca 2+ signal on neuronal physiology is out of the scope of present review. They will be briefly summarized in the following paragraph, but the reader is referred to recent reviews that have discussed the topic [46] [47] [48] [49] .
Modulation of synaptic transmission has been well characterized in cultures of hippocampal cells, where Ca 2+ elevations in astrocytes were shown to stimulate the glutamate release that induce a transient reduction of both evoked excitatory and inhibitory synaptic currents mediated by activation of metabotropic glutamate receptors (mGluRs), probably located in presynaptic terminals [24] . In addition, Ca 2+ -dependent glutamate release from astrocytes increased the frequency of miniature synaptic currents through the activation of presynaptic NMDA receptors [25] . Astrocyte-induced regulation of synaptic transmission has also been shown in more intact preparations. In hippocampal slices, astrocytic Ca 2+ elevations have shown that cause a glutamate-dependent increase of the frequency of miniature IPSCs in pyramidal neurons [14] . Glutamate released by astrocytes may activate group I mGluRs to facilitate the release of glutamate from excitatory presynaptic buttons, increasing the frequency of spontaneous EPSCs in CA1 pyramidal neurons [36] . In this preparation, adenosine, which results from the degradation of the ATP released by astrocytes, mediates the activitydependent heterosynaptic depression of synaptic transmission [43] . A glia-induced long-lasting depression of spontaneous synaptic currents on to Purkinje neurons has also been shown in cerebellar slices [50] . Newman's group has demonstrated glial modulation of neuronal excitability in the retina, where Ca 2+ elevations in Müller cells and astrocytes modulate the output of retinal ganglion cells [22, 32] . Robitaille's group has demonstrated that neurotransmitters released by the motor nerve terminal activate the perisynaptic Schwann cell, which in turn feeds back to the terminal, modulating the neurotransmitter release [4, 35] . Finally, more indirect regulation of synaptic transmission can also be achieved by other gliotransmitters. d-Serine that is exclusively synthesized and released by astrocytes in the CNS act as the endogenous agonist of the glycine-binding site of the NMDA receptors [51, 52] . On the other hand, astrocytes may increase the surface expression of neuronal AMPA receptors through the release TNF␣ [41] .
Neuronal excitability has also been shown to be modulated by astrocytes both in vitro and in situ. Indeed, astrocyteinduced glutamate-mediated slow inward currents initially described in cultured neurons have been also recently demonstrated in neurons in thalamic [18] and hippocampal slices [10, 53, 54] .
While it is clear that astrocytes can release several transmitter signals that can influence synaptic transmission and neuronal excitability, a considerable amount of work is still needed to fully understand the properties and mechanisms of this modulation in different synaptic connections and brain regions, as well as its actual impact on brain function.
Nevertheless, a great amount of evidence has demonstrated that neurotransmitters released by presynaptic terminals during synaptic activity increase intracellular Ca 2+ concentration in adjacent glial cells, which in turn, may release different transmitters that can feed back to neuronal synaptic elements, regulating the postsynaptic neuronal excitability and modulating neurotransmitter release from presynaptic terminals. Consequently, we can consider now firmly established the new concept of the synaptic physiology-the tripartite synapse-in which glial cells play an active role as dynamic regulatory elements in neurotransmission [3] .
Conclusions
The evidence obtained by several groups has prompted a reconsideration of the actual role of astrocytes in the physiology of the CNS, based on the demonstration of the existence of reciprocal communication between astrocytes and neurons. The control of the intracellular Ca 2+ excitability of astrocytes is a key element in this loop of information exchange. Considering the intricate spatial relationships between astrocytes and synapses, the spatial characteristics of the astrocyte Ca 2+ signal, the number of different gliotransmitters, the synaptic-evoked astrocyte Ca 2+ signal modulation, and their multiple possible effects on different synapses, we can begin to understand the complex properties of the neuron-astrocyte intercellular signaling, which may have extremely important implications in the physiology of the brain. The ability of astrocytes to process synaptic information adds further complexity and degrees of freedom to the intercellular communication in the brain, increasing the power of the nervous system to process information.
